INTRODUCTION
Radiocarbon dating is an important tool for studying the natural variability of the global climate system. High-resolution paleoclimate records show that many large, abrupt changes occurred during the last deglaciation, and there is increasing evidence that some of these may have been global in scope (Bender et a1.1994; Lowell et al. 1995; Denton and Hendy 1994; Behl and Kennett 1996) .14C dating is necessary for determining the relative timing of these changes and their propagation through the climate system, but its utility is limited by the fact that the 14C "clock" runs at different speeds depending on the atmospheric 14C inventory. Studies have shown that atmospheric 14C concentration (014C) has varied significantly through time (Stuiver 1970;  Linick et al. 1986; Stuiver et al. 1986; Bard et al. 1990; Stuiver et al. 1991; Becker 1993; Goslar et al. 1995) , as a result of changes in 14C production rate (a function of variability in the Earth's geomagnetic field strength and solar activity), and redistribution of 14C between reservoirs (primarily a function of oceanic thermohaline circulation). Because of &4C changes, the 14C time scale departs from true calendar ages in a nonlinear fashion by as much as 3000 yr (Bard et al. 1990 ).
The highest-resolution 14C calibration data set, based on tree-ring chronologies from German oaks and pines (Becker, Kromer and Trimborn 1991; Kromer and Becker 1993; B. Kromer, personal communication) , currently begins Ca. 12 calendar ka BP, just prior to the abrupt termination of the Younger Dryas cold period, a dramatic climatic oscillation lasting from ca. 13 to 11.7 cal ka BP (Alley et a1.1993) . Tree rings thus do not provide calibration during several of the other large and abrupt climate changes of the last deglaciation. Previous attempts to extend 14C calibration prior to the interval covered by tree rings have used paired 14C-UTh dates on corals (Bard et al. 1990; Edwards et al. 1993; Bard et al. 1993; Bard et al. 1996) as well as annually laminated sediment (varve) chronologies with 14C-dated macrofossils from European lakes (Hajdas et a1.1993; Hajdas et a1.1995; Goslar et a1.1995) and the Baltic Sea (Wohlfarth 1996) . Each of these data sets agrees the coral results disagree with the longer chronologies from Lakes Soppensee (Hajdas et a1.1993) and Holzmaar (Hajdas et al. 1995) , as well as the Swedish varve chronology (Wohlfarth 1996) . The lack of agreement between coral and varve data sets, together with the discontinuous or low-resolution nature of these time series, introduces substantial uncertainty to 14C calibration prior to 12 ka BP.
In this paper, we present a new 14C calibration data set from varved marine sediments of the Cariaco Basin that spans most of the last deglaciation. Several independent lines of evidence are used to demonstrate the accuracy of both Cariaco Basin calendar (varve) and 14C chronologies. These data extend a continuous 14C calibration an additional 3000 yr before the tree-ring record to the Glacial/ Bulling event boundary and resolve short-lived changes in 14C during the early Younger Dryas and Bo11ing/AllerOd periods that are not resolved by data sets based on corals (Bard et a1.1990; Edwards et a1.1993; Bard et a1.1993; Stuiver and Reimer 1993; Bard et a1.1996) .
VARVE CHRONOLOGY Laminated Sediments
The Cariaco Basin is an anoxic marine basin off the coast of Venezuela (Fig. 1) , separated from the open Caribbean Sea by shallow sills (<146 m), that possesses varved sediments with the potential for continuous, high-resolution AMS 14C dating due to high concentrations of planktonic foraminifera (Overpeck et a1.1989; Peterson et a1.1991; Hughen et a!. 1996a Hughen et a!. , 1996b Hughen et a!. , 1998 . The climate cycle in the Cariaco Basin region consists of a dry season with strong trade winds and coastal New 14C Calibration Data Set for the Last Deglaeiation 485 upwelling, alternating with a rainy season with weaker winds and no upwelling. This climatic regime results in the annual deposition of laminae couplets of light-colored, plankton-rich and darkcolored, terrigenous mineral grain-rich layers (Overpeck et a1.1989; Peterson et al. 1991; Hughen et al. 1996a ). The annual nature of the laminae couplets was investigated in well-laminated surface sediments containing two distinct turbidites, using 210Pb dating and historical records of earthquakes (which would be expected to result in turbidity currents) in the neighboring region. The independent dating methods yielded ages of 58 ± 4 and 89 ± 5 yr e10Pb), vs. 61 and 90 yr (historical) for the two turbidites, in good agreement with paired-laminae counts of 60 and 90 yr, respectively. This agreement using multiple dating methods demonstrates that the laminae couplets are annually deposited varves (Hughen et aL1996a).
The Cariaco Basin has distinct, thick laminae at depths corresponding to ages of 12.7-9.014C ka BP, after which they become thinner and less pronounced toward the surface. Four sediment cores were cross-correlated on the basis of distinct, millimeter-scale "marker laminae", and laminae couplets were counted to create a floating annual chronology 5500 varve-years long, covering the period of deglaciation from ca. 8.0 to 12.714C ka BP (Hughen et al. 1996b (Hughen et al. , 1998 . AMS 14C dates were obtained on 60 samples of the planktonic foraminifer Globigerina bulloides, hand-picked from 1.5 to 2 cm thick samples, each corresponding to 10-15 varve years. The samples were taken from cores PL07-56PC and PL07-39PC ( Fig. 2 (Hughen et al. 1998) . The uncertainty of the wiggle-match was determined by the amount of offset between the data sets that still yielded a correlation coefficient of at least r = 0.99. This resulted in an uncertainty of ±20 cal yr during the period covered by the match itself. Cumulative errors in varve counting were constrained to accrue only within the 3000 yr older than tree rings and provide an additional 1-2% uncertainty during that period (Table 1) .
Paleoclimate Verification of Varve Chronology
Records of relative reflectance, or gray scale, have been measured on fresh surfaces of split Cariaco Basin sediment cores. Gray scale values correlate well with records of light laminae thickness, which correspond to annual upwelling intensity, and therefore trade wind strength (Hughen et al. 1996b ). Gray scale and light laminae thickness both record large and abrupt changes during deglaciation, including decade-to-century-scale variability during the Bolling/Allerod, Younger Dryas and Preboreal periods that correlates well with high-resolution terrestrial and marine paleoclimate records from the high-latitude North Atlantic region (Hughen et al. 1996b ). In particular, annually dated records of light laminae thickness from the Cariaco Basin and 6180 in the GRIP ice core from Greenland (Johnsen et al. 1992) both show strikingly similar patterns and durations of abrupt events at the scale of a single decade. The brevity of these decade-scale events occurring in two widely separated sites suggests that they were essentially synchronous (i. e., occurring within 10 yr) and caused by the same mechanism (Hughen et aL1996b). Atmospheric and coupled ocean-atmosphere general circulation model (GCM) results (Rind et al. 1986; Schiller, Mikolajewicz and Voss 1997) show that cooling in the high-latitude North Atlantic region produces an increase in trade wind intensity over the tropical North Atlantic, thus explaining the synchronous climate linkage between North Atlantic sea surface and air temperatures, and trade wind-driven upwelling in the tropical Cariaco Basin (Hughen et al. 1996b ).
The tight linkage between Cariaco Basin and Greenland ice core paleoclimate records was used to assess independently the accuracy of the anchored varve chronology. Cariaco Basin gray scale and accumulation from the GISP2 ice core (Alley et al. 1993) are plotted during the period of deglaciation, each versus its individual annual chronology (Fig. 3) . In addition to the large changes at the Glacial/Bolling boundary and the beginning and end of the Younger Dryas (14.7,13 and 11.7 cal ka BP, respectively), the two records show similar events and patterns of change at decade to century scales. A least-squares procedure (Paillard 1996) allowing manual identification of similar, large climate events as constraints (dashed lines, Fig. 3 ) was used to align the GISP2 accumulation and Cariaco Basin gray scale records along their entire lengths. The resulting correlation between the two records is good (r = 0.69) and was used to assign the GISP2 layer-age chronology to the Cariaco Basin gray scale record. In this way, the two independently derived chronologies could be compared directly and differences between them quantified (Fig. 3) . The two chronologies consistently agree within <0.7%. The pattern of increasing disagreement with age may reflect errors in either chronology compounding downcore, the direction in which the varves and annual ice layers were counted.
For most of the period from 10-14.7 cal ka BP, the difference is <20 yr, and reaches 100 yr only in the oldest part of the chronology (i. e., the Glacial/Bolling boundary, Fig. 3 ). The Cariaco Basin ages meander randomly about the GISP2 ages, rather than remaining consistently offset, and always agree well within the combined independent errors (.-l-2%) of the two chronologies. This assessment of Cariaco Basin varve ages, independent of 14C considerations, provides strong evidence for the accuracy of the Cariaco Basin calendar chronology. Figure 2 . Center curve is GISP2 annual ice accumulation (Alley et a1.1993) . Dashed lines from GISP2 to Cariaco Basin record indicate major climatic events used to constrain correlation of the two records. This correlation was used to quantitatively compare the two independent chronologies. Lower curve shows the age difference as a function of time. The chronologies mostly agree within 20 yr, and only differ by as much as 100 yr toward the beginning of deglaciation.
14C CHRONOLOGY

Sample Reproducibility
In addition to possessing an accurate annual varve chronology, the Cariaco Basin sediments are also well suited for reliable 14C dating. The high sediment deposition rate and concentration of foraminifera provide high-resolution 14C sampling (10-15 varve years per 14C date, with no mixing artifacts from bioturbation), at closely spaced intervals (one 14C date every -100 varve years). To test whether 14C dates thus obtained could be reproduced, 14C ages from cores PL07-56PC and -39PC are plotted together in Figure 2 . Calendar ages for the two cores were assigned using detailed crosscorrelations with individual millimeter-scale "marker" laminae and high-resolution gray scale records. The 14C dates for both cores show close agreement, demonstrating that Cariaco Basin 14C dates are reproducible and that 14C and calendar ages from one core can be readily applied to other cores from the basin.
Reservoir Age
The ocean reservoir stores vastly more carbon than the atmosphere, particularly in deep waters.
Depending on the rate of mixing from below, the surface ocean typically has 14C ages 400-1600 yr older than the atmosphere, reflecting the marine reservoir age (Broecker and Peng 1982; Stuiver et al. 1986; Ingram and Southon 1996) . In any 14C-dated marine sediment record, the magnitude and stability of reservoir age with time is an important issue. The present-day Cariaco Basin reservoir age has been measured on two sediment samples of known recent age and averages 420 yr (Hughen et al. 1996a The reliability of Cariaco Basin 14C dates also depends on the stability of the reservoir age through time. Bard et al. (1994) used the Vedde volcanic ash layer (-10.314C ka BP on land) to identify terrestrial and North Atlantic marine sediments deposited at the same time, and showed that, on average, high-latitude 14C reservoir age increased during the Younger Dryas relative to the present value by ca. 300-400 yr. This was due to reduced northward advection of young, well-equilibrated surface waters into the high-latitude North Atlantic, together with increased sea ice, which isolated surface waters from the atmosphere and allowed a greater proportion of upward mixing of old, deep waters.
However, this effect was probably limited to high latitudes and would not have affected the Cariaco Basin. At low latitudes, reservoir ages are less variable, due to a well-ventilated thermocline (Slowey and Curry 1992) and the lack of sea ice to act as a barrier to the atmosphere.
Direct evidence for a stable Cariaco Basin reservoir age through time is seen in the close match between tree-ring and Cariaco Basin 14C ages from 10.0 to 11.8 cal ka BP (Fig. 4) . The reservoir age remains the same, within errors, during a period of almost 2000 yr. More importantly, the reservoir age remains constant across the large change in upwelling at the Younger Dryas termination. This climate shift, representing one of the largest transitions in the Cariaco Basin record between periods of intense and reduced upwelling, occurred in less than a decade (Hughen et a!. 1996b) . Cariaco Basin 14C dates overlap with the tree-ring 14C record immediately prior to the Younger Dryas-Preboreal transition (Figs. 2 and 4 ). If variable upwelling had influenced reservoir age, we would expect to see it here. However, there is no discernible shift to older 14C ages in Cariaco Basin dates during the Younger Dryas. In addition, high-resolution series of 14C dates from terrestrial macrofossils have been measured from Lake Krakenes, Norway (H. Birks, personal communication) and Lake Madtjarn, Sweden (S. Bjorck, personal communication). The Lake Krakenes and Lake Madtjarn records can be correlated to the Cariaco Basin at sediment transitions bracketing the Younger Dryas, clearly discernible in both records. The Cariaco Basin 14C ages show no offset from the ter- 
CALIBRATION Fitted Spline
The evaluation of both Cariaco Basin varve and 14C chronologies provides independent evidence that the chronologies are accurate and can be used as an alternative data set for 14C calibration during the period of deglaciation. In order to provide continuous calibration coverage, an interpolation spline (Stineman 1980) was fitted to the Cariaco Basin data set (Figs. 4 and 5 ). This spline was chosen over other possibilities (for instance, cubic spline, linear interpolation) for several reasons. First, the spline approximates a linear interpolation between points, which is a simple interpretation and avoids the risk common to cubic splines of creating structure beyond the resolution of the data. Second, the spline has the advantage over a linear interpolation of providing a continuous curve which passes smoothly through the data points. The interpolation spline shows excellent agreement with the German pine data (r = 0.99) and preserves detailed century-scale variability, for example during the Preboreal period, Ca. 9.614C ka BP (Fig. 4) .
The interpolation spline was used to create a curve through the entire Cariaco Basin data set to extend continuous 14C calibration from 9.0 to 12.714C ka BP. This represents an objective treatment of the calibration in that no Cariaco Basin data points are excluded, and the same interpolation procedure used to match the curve to tree rings is used to extend the curve further back in time. The full (Bard et al. 1996) , Barbados (Bard et al. 1993) and New Guinea (Edwards et al. 1993) . PB, YD, B/A and shaded lines as in Figures 2 and 3 . Cariaco Basin curve shows close agreement with German pine data from 10-12 cal ka BP, and general agreement with coral data older than 12 cal ka BP. Cariaco Basin data set resolves considerable detail that is not resolved by the coral data, including plateaus at 11.7 and 11.4140 ka BP, and century-scale structure imposed on a gradually-sloping "plateau" during the Younger Dryas. All 14C errors reported at lo.
Cariaco Basin calibration spline is plotted together with paired 14C-UI'Fh dates from Atlantic (Bard et al. 1990 ) and Pacific corals (Edwards et al. 1993; Bard et al. 1996) , and agrees in general with corals throughout most of the record (Fig. 5) . However, the data sets do show some large differences, particularly during the Preboreal and Younger Dryas periods. The Cariaco Basin data set shows less scatter around the tree-ring data than corals (Fig. 5) to, paleoclimate change. For example, the large, sloping 14C "plateau" from 10 to 10.614C ka BP and smaller plateaus at 11.4 and 11.714C ka BP defined by the Cariaco Basin data occur close to the timing of the climatic Younger Dryas and century-scale cold events during the Bolling/Allerod, respectively (Fig. 6b) . Several previous studies have investigated rates of environmental change during the last deglaciation, and show increased rates of change occurring ca. 10-11 14C ka BP, as well as smaller events before this time (Jacobson, Webb and Grimm 1987; Overpeck 1987; Overpeck, Bartlein and Webb 1991 
